
NASA TECHNICAL NOTE 	 N A S A  -P T N  D-5447 
L?, I 

LOAN COPY: RETURN TC! 
AFWL [ W U - 2 )  

KlRTLAND AFB, N MEX 

ATMOSPHERIC DENSITIES MEASURED 

BY THE EXPLORER 17 DENSITY GAUGES: 

ANALYSIS OF ERRORS A N D  THEIR EFFECTS 

U P O N  THE MEASUREMENTS 


by George P. Newton und Richurd Horowitx 

Goddurd Spuce Flight Center 
Greenbelt, M d .  

N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D .  C.  NOVEMBER 1 9 6 9  

‘I1 I I 




TECH LlBRARY KAFB. NM 

ATMOSPHERIC DENSITIES MEASURED BY THE 

EXPL0RF:R 17  DENSITY GAUGES: ANALYSIS OF 

ERRORS AND THEIR EFFECTS UPON THE MEASUREMENTS 

By George P. Newton and Richard Horowitz 

Goddard Space Flight Center  
Greenbelt ,  Md. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $3.00 



ABSTRACT 

The atmospheric total density data from the Explorer 17 Atmos
pheric Density Experiment a r e  presented. The equations used for in
terpretation of the gauge output currents in te rms  of atmospheric 
density a r e  derived. Possible systematic e r ro r  due to gauge calibration, 
energetic gas  beam-surface interaction, adsorption-desorption effects, 
chemical compound production, and gauge nonlinearity a re  evaluated; 
and it is concluded that the previously reported density values should 
be increased by 35 percent. The effects of variations in atmospheric 
composition on the density values a r e  as follows: If an atmosphere of 
100% atomic oxygen was assumed, but the atmosphere was really 100% 
helium, the density values should be increased by a factor of 1.6. Cor
respondingly, i f  the atmosphere was really 100% molecular nitrogen, the 
density values should be decreased by a factor of 0.72. 
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ATMOSPHERIC DENSITIES MEASURED BY THE 

EXPLORER 17 DENSITY GAUGES: ANALYSIS OF 


ERRORS AND THEIR EFFECTS UPON THE MEASUREMENTS 


by 
George P. Newton and Richard Horowitz 

Goddard Space Flight Center 

INTRODUCTION 

The total atmospheric density experiment was one of three aeronomy experiments carried on 
the Explorer 17 aeronomy satellite. The satellite was launched on 2 April 1963 into an orbit with a 
58 degree inclination, a perigee altitude of 256 km and an initial apogee altitude of 920 km. Its ac
tive lifetime was 100 days. The satellite and its instrumentation are described elsewhere (Horowitz, 
1963; Spencer, 1965). 

The sensors used for the density measurements were a modified Bayard-Alpert and two modi
fied Redhead magnetron cold cathode ionization gauges. Each type of sensor is shown in cross  
section in Figures 1and 2. The electronic instrumentation, preflight calibration and processing, 
and orbital operation of these gauges a re  described in previous publications (Newton et  al., 1963; 
Newton et al., 1965; Pelz and Newton, 1967). 

Data were recorded in real time for 4 minute intervals by the minitrack ground stations listed 
in Table 1. Conclusions drawn from the total.atmospheric density experiment data have been 
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Figure 1-Cross-section of kyard-Alpert flight gauge. AI I dimensions are in millimeters. 
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reported previously (Newton et al., 1963;Newton et al., 1964;Newton e t  al., 1965; Newton, 1967). 
The present report presents ffie data; gives the theory used to interpret the measured data in terms 
of atmospheric densities; and evaluates some possible systematic e r ro r s  in the density values not 
previously discussed in detail. 

~ 

Station 
-

College, Alaska, USA 

Winkfield, England 

Grand Forks,  Minnesota, USA 

Saint Johns, Newfoundland 

Blossom Point, Maryland, USA 

Mojave, California, USA 

Fort Myers, Florida, USA 

Quito, Equador 

Johannesburg, South Africa 

Woomera, Australia 

Santiago, Chile 

Table 1 

Minitrack Ground Station Locations. 

Geographic Latitude 


64"N 


51"N 


48"N 


47"N 


38"N 


35"N 


27"N 


1"s 

26"s 

31"s 

33% 

-~ 

Geographic Longitude 

212"E 

359"E 

262"E 

307"E 

283"E 

243"E 

278"E 

281"E 

28"E 

137"E 

289"E 
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MEASUREMENT TECHNIQUE AND INTERPRETATION 

The techniques used for making density measurements with manometers in rockets (Schultz 
et al., 1948; Havens et al., 1952; Horowitz and Kleitman, 1953) were applied to the Explorer 17 
density measurements. The theory used to interpret the gauge output currents in terms of atmos
pheric densities is presented in the Appendix A. This theory takes into consideration the presence 
of more than one gas species in the atmosphere, the nonlinearity of the cold-cathode gauges and the 
composition sensitivity of the gauges. Also discussed in the Appendix A are examples of the effects 
of variations in composition, both in the atmosphere and within the gauge enclosure, upon the meas
ured densities. 

SOURCES OF SYSTEMATIC ERROR 

The precision of the data and the effects of absolute calibration e r rors ,  uncertainty in the gas 
composition of the atmosphere, satellite attitude and velocity uncertainties, and satellite position 
uncertainties on data accuracy were discussed in an earlier report (Newton et al., 1965). The ef
fect of the recombination of atomic oxygen inside the gauges was also evaluated (Newton et al., 
1965). It is possible that additional uncertainties in the density values, not previously evaluated in 
detail, could be generated by one o r  more of the following sources: 

(1) 	 The calibration e r ror  which ar ises  from insertion of a cold trap between the McLead 
gauge and the calibration system (Ishii and Nakayama, 1962; Meinke and Reich, 1963) 

(2) 	 The interaction of the atmospheric gas beam generated by satellite motion with the internal 
geometry of the gauges (Newton et al., 1968) 

(3) 	 The adsorption and desorption of gas by the gauge internal surfaces w o e  1966; Moe and 
Moe, 1968) 

(4) The production of chemical compounds within the gauges (Von Zahn, 1967) 

(5) 	 The e r r o r s  which result from the assignment of equivalent constant sensitivities to the 
nonlinear gauges 

The effect of the calibration e r r o r  (1) has recently been evaluated by comparing our secondary 
nitrogen calibration standards with two nitrogen calibrations obtained by techniques independent of 
the McLeod gauge and its attendant problems. * The results of this comparison indicate a system
atic 20 percent e r ror  in our calibrations. This e r r o r  is consistent in magnitude with the estimated 
e r ror  of the "Ishii effect" (Ishii and Nakayama, 1962) for our calibration geometry and is in the 
same direction. Accepting this systematic e r ror  results in a systematic increase in our density 
values by 20 percent. 

'These calibrations were kindly provided by Mr. F. Kern of LRC and Mr. W. Fulton of MSFC. Both used a measured gas flow technique. 
The results of their calibrations are believed to be accurate to better than 90 percent, with an expected error of +5  percent for pressures 
above lo-' Torr. 
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The effect of the interaction e r r o r  (2) has also been investigated (Newton et al., 1968); accord
ing to preliminary conclusions, if there were no specular collisions and no adsorption of the gas in 
the gauges, the atmospheric density values would be decreased by approximately 10 to 22 percent, 
depending on angle of attack. The mean effect of tlCs on the Explorer 17 results, obtained by av
eraging over all angles of attack, is to decrease the density by approximately 13 percent. 

The adsorption-desorption effect (3) has been investigated by Moe andMoe (1968) and by Newton 
et al., (1968). Moe andMoe conclude that adsorption-desorption effects could cause the gauge-
measured atmospheric density to be underestimated by 34 percent. Their theory assumes that a com
plete adsorption-desorption cycle occurs during each satellite spin cycle. However, the minimum 
pressures observed by the gauges during each spin cycle are different for increasing and decreasing 
altitude passes. This indicates that the adsorption-desorption process is not fully completed during 
each spin cycle, but has at least some component with a characteristic time of the order of an orbit 
period. The impact of this on the results of the Moe theory is not known to the authors. 

Newton e t  al., (1968) considered the combined effects (2) and (3). Their results, for an adsorp
tion probability of 0.003, which is close to that used by Moe and Moe (1968), lead to similar con
clusions regarding the effect on the density values. However, the desorption phenomenon was 
ignored in the calculations of Newton et  al. Recent analysis using Explorer 32 gauge data (Silverman 
and Newton, in preparation) of the spin cycle minimum pressure, considering variations over time 
intervals comparable to orbital periods, indicates that the adsorption probability should be smaller 
than 0.003 by approximately a factor of four. This would result in a decrease of the previously 
calculated e r ro r  in the density values due to effects (2) and (3). The questions of the actual effects 
of and associated density e r ro r s  due to considerations (2) and (3) must remain open at this time, 
since the actual condition of the gauge internal surfaces and the results of collisions of entering 
atmospheric particles with those surfaces are still unknown. However, regardless of these unknowns, 
it appears at this time that the maximum possible e r ro r  due to effects (2) and (3) is approximately 
+35 percent and that the actual e r ro r  probably is much less  than 35 percent. 

Production of chemical compounds within the gauges (4) is not believed to be significant. Our 
laboratory experience with the gauges in molecular oxygen indicate that CO and CO, production by 
the gauges is negligible. However, i f  the phenomenon of atomic oxygen entering the gauge and being 
converted on a one-to-one basis to CO were to occur, then the effect upon the atmospheric density 
values would be to decrease them (as can be seen from Equation A14 of the Appendix). This is be-

Table 2 

Summary of E r r o r s  Due To Effects (1)Through (5). 

Maximum Uncertainty Probable Uncertainty 
(percent) (percent)
-

+20 

}-22 <::o (?)
+35 
NA 0 
+15 +5 

+48 +35 

cause the effect of the mass increase of the gas 
inside the gauge would more than offset the dif
ference in gauge sensitivity between the two gases. 

The e r ro r  due to effect (5), the use of con
stant sensitivities, is discussed in the Appendix. 
The resu l t  is that the e r ro r  averaged over al
titude is probably less  than +10 percent. 

Table 2 provides a summary of the effects of 
(1) through (5) on the density values previously 
reported. Columns 12 and 14 in  Table 3 are the 
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unadjusted and composition adjusted densities, 
respectively, which have been corrected for 
the total probable uncertainty shown in Table 2, 
that is +35 percent. 

Figure 3 shows the new estimated e r r o r  
as a function of altitude (similar to Figure 3 in 
Newton et al., 1965). 

THE EXPLORER 17 ATMOSPHERIC 
DENSITY EXPERIMENT DATA INCLUDING 
EFFECTS OF VARIATIONS IN COMPOSlflON 
AND OF SYSTEMATIC ERRORS 

anerauy,each four-minuteinterrogation 
of the satellite by a ground station resulted in 
several hundred density measurements (one 
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Figure %Percent error i n  absolute value of atmospheric 
density versus altitude. Selection of data analyzed 
allows this form of oresentation. 

measurement for each satellite rotation). To simplify the data handling, a straight line represent
ing a visual average of this data when plotted on a log p vs altitude plot was used to represent the 
data from each pass. The endpoints of this line for  each usable turn-on of the Explorer 17 Atmos
pheric Density Experiment are presented in Table 3. The columns in this table, reading from left 
to right, are: 

(1) The three letter station code for the stations of Table 1 

(2) The orbit number corresponding to the orbit of the data-producing interrogation 

(3) The date the data were obtained 

(4) The start and end altitude of the Line representing the data 

(5) The start and end local time of the data 

The geographic longitude and latitude of the subsatellite point at the start and end of the 

data-producing orbit segment 

The mean Greenwich time for the start of the data 

The start and end densities of the line representing the data, uncorrected for composition

(N, , 16 as discussed in Appendix A) 

The daily geomagnetic activity index, Ap, for the day the data were obtained 

The daily solar intensity index, F,,., , for the day the data were obtained 

The composition adjustment factor applied to the data (usin the Explorer 17 diurnally

averaged mass spectrometer data (Reber and Nicolet, 1965y) 
The densities of column 8 adjusted for the probable systematic error as discussed in the 

previous section 

The start and end composition-adjusted densities originally published 

The densities of column 13 adjusted for the probable systematic e r r o r  discussed in the 

previms section. 
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~~ Table 3 

Atmospheric Density Values From Explorer XVII Pressure Gauge Experiment 
April-June 1963. .-.- ._.____I_-. . 

COQHECTED _ _  
C J H H t C T E D  C O M P O S I T I O N  C C M P O S I T I O N  

L J C  A L  G t U G H A P H  I C MEAN R H J  N 2 r l b  R H O  N2.1b ADJUSTEO A D J U S T E D-~~ .- _- .~. -~ ALTITUOL T I H t  L O N G l l U U E  LATlTUDC GMT DtNSITY A F COMP. DENSITY DENSITY DENSITY 

__ _ _  -.. . 
( H k S )  ( G M / C C I  1 6 ' 1  (F lO.7)  ( K )  ( G M / C C l  (GM/CC) (GN/CC 1S T A T I O N  P A 5 5  U A T t  ( K M J .  ( H H S I  ( UELHEES I -.- . -__ . ..- .. ... 

2.OC-17 4. 74. 1.030 
5Y.2 5. d2  -Y4 3 1  1 3E- I 7  I . U P 1 7  I .JE-17 1. BE-1 7 

BPO 1 5  4 0 4  440 3.d4 -75 5 0.l.. .-....- - . 
8.Ub b.7E-17 1 3 .  70. 0.993 Y.Jt-17 6.7E-I7 9.OE-I7 

50s 4.75 -bL  1.9E-17 2 , 6 E - T 7 7 ; V E = T V .  5E-T7-

BPO 35 405 413 4. 6 1  -50 39 10.66 4 . l t - 1 7  5.2. 7.2. 1.020 5.W-17 4.2E-17 5.6E-I 7 '  
.~ 

~ --xcri 5.25 -62 30 ?.3E-17 3 . lE-17  2.3E-I7 3.2E-17 

. . -. __ . 

EPO 4 9  4 0 6  4 6 1  3.76 - a d  45 I). 12 7.5E-17 19. 7u. 0.9Y9 1.OL-16 7.5E-17 1.OE-16 
_ _ - .  ~ - 5 2 s  - 4.54 -69  3 6  3.4E-17 4.bE-17 3.4E-17 4.6E-17 

B P O  6 4  4 0 7  4bb 3.00 -84  4 3  9.25 >.5E-17 15. do. 1.000 7.4E-17 5.5E-17 7.4E-17 
~.-530 4.32 3.bII-17 4.9E-17 3.6E- I7  T;PE-r7 

3.56-17 7. 8 2 .  3.992 7.4k-17 5.5E-17 7.4E-17 
I .  7 E - I  7 2 .3E- I7  1.7E-17 2.3E-17 

1.3L-14 2. 82. 0.785 1 .5 t -14  1.OE-14 1.4E-I  4 
1.9E-14 2.6E-14 1.5E-14 2.OE-14 

tiPo 148 412 275 la. IC -85 5 7  23.82 1 . u i - 1 4  9. 93. 0.781 2.4E-14 1.4E-14 1.9E-14 __ .~ .
,202 1 d. Y J  - ~ _.___ ZE-

3 . O E - 1 T - 1 .  f t - 1 4  - 2 . 3 E : T P 

B P O  1 8 2  - 4 1 5  440 1.55 -78  37  6.77 1 .2 t -16  15 .  88. 0.980 1.oE-lo 1.2E-16 1.6E-16 ... ~ 

4 7 6  I r V Z  ~ -73 3 2  4.6E-17 6.2E-17 4.5E-17 6.1E-17 

.-.- . . .. 
bP0 192 415 ZY2 1b. 95  - U d  34 22.44 1 .4 i -14  15. 8.3. 0.790 1.YE-I4 1. LE-14 1.5E-14 

-26V 7 T . r  -71 4 4  2.5E- 1 4  3.4E-14 2.OE-14 2.7E-T4 

~. -~ _ _~~ -. 

tiPo 1 5 7  4 1 6  	 425 1.13 - 8 6  3 9  6.87 9.2E-17 6. 8b. 0.977 1..2E-lo 9.OE-17 1.2E--16 
4t(s I .  (3 - C Y  

-. -- .. Z . 4 E 4 7  3. ZE' T7 - 2 . 3 E - 7 7 .  L t- x r 
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Table 3 (continued) 

. .  . 

COKRECTEO .. ~ 

C d h d T C T c O  C O M P O S 1  T I  OY i OMPOS I T I O N  
LOCAL G L C L N A V H I C  Y t A N  R H v  N 2 . 1 0  4HU Ni.16 ADJUSTED ADJUSTED 

.~ 
ALTlTUOt T I d t  L U N G I T U O t  L A T I T U J c  u M T  U c h a I T Y  A F COI IP .  O t N S I T Y  G E N S I T Y  IDENSITY 

S T A T I O &  P A S 5  S A T E  I K M )  I H H S )  

8 F U  L 3 C  416 3 0 0  1 0 . 0 8  

BPU 2 1 0  423 	 3 2 0  14.51 
2 Y O  13 .21  

DPU 3 2 5  4 2 4  	 3 1 0  14.47  
2n0 I > .  3 u  

.. __
BPU 4 i 3  430  3 6 0  1 2 . 2 7  

347 12.45 
.- ~ . . 

BPO 4 1 8  S G 1  220 LO. 22 
330 Z J . 3 7  

~ 

BPL) 4 4 3 - -502 -	 35Y I l . 6 J  
324  I C .  44 

I C t L U k L > )  I n r l S )  I L ~ I C L I  I P )  I F L U . 0  I K )  I(.M/CC) I S W C C I  I G Y / C C  I .. . . -

1 . 3 t - I 4  3d. 0.76Y 7.9E-15 1.lE-14 
-00 4 c  2. Jr - I 4  3. I t - 1 4  1 . R E - I 4  2.4E- 14 

-de 42 J. 45 b.JL-15 U l  . O.dYO, 8. I E - I O  5 . 3 E - 1 6  7 . 2 E - 1 6  

- d l  4 4  4 . 1 1  1.4t- 1 3  72. O . d b 5  I.Yi-I:, 1.217-15 1.6E-15 
-76 42 'Y.4t- lb l.JE-15 S . l E - l h  l . l E - 1 5  

- 6 1  311 13.93  , . 7 i - I >  71. 0.d21 5. OE- I5 3. DE-15 4.IE-15 -
-71 4 4  (4.0 t-13 I .  ?E- I 4 7 . 4 E - I 5  I .OE-l4 

- u 3  4u L J .  a2  J. I t - 1 5  73. 0.639 4.2E- 1 5 2 . S E - 1 5  3.4E-I 5 
- 7 "  4 0  7. '3 c. - I 5 1.OE-14 6 . 1 F - 1 5  8 . 3 E - 1 5  

-dZ an 4.44 u .2 t -17  72. 0.Y50 8.4t- I7 5.YE-17 8.OE-17 
-7u c z  i . 3 L - 1 7 3 . t E - 1 7  2.2E-I 7 2 . 9 E - I 7  

- d l  41 Id. 74 V . 4 L - 1 5  7a. 0 . 8 2 2  5. %-I 5 3 . 6 E - I S  -- T . Q E Z 1 5  - -
- 0 7  50 9 . 3 E - I  5 1.3E- 1 4  7.6E-15 1 . O E - I 4  

-71  41 1.47 2.7L-15 73. 3.845 3.6E-I5 
-bU 39 1. d e - 1 5  2.4C-15 

-74 3u 1 7 . 2 3  l . 3 t - I 5  U3. 0,865 I .&-I5 I .  I E - 1 5  1 . 5 E - 1 5  
- 7 2  39 1.9E-I5 2.6 t - 1 5  1 . 6 E - 1 5  2.2E- I 5  

- d l  4 0  1.59 4.6E- I C a2. 0.845 6.2E-15 3 . 9 E ; r - - S . 2 F - 1 5  
- 7 0  3 d  3. It- 15 4.2E- I 5 2.4E-15 3 . 5 E - 1 5  

- u r  39 1 7 . 4 2  2. b t - 15 82. 0 .860  3 . S E - I 5  2.2E-1s 3.OE-15 
- 7 5  4 6  5 . 2 E - 1 5  7 . W - 1 5  4.5E -1 5 6 . O E - I 5  

- .  
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Table 3 (continued) 

. . .-.___ 
CORRECTED 

~~ 

COMRECTED COMPOS1 T19N CCMPOSITION 
LUC A L  GtUGHAPHIC MEAN RHO N 2 - 1 6  9r1O N2.16 ADJUSTED ADJUSTED -. . . . . .  . 

ALTITUDE- TIME LON GITUGE L A T I  TUDE GMT- OLNS I T Y  A F COMP. D i N S l T Y  DENSITY DENSITY 
S i A T l G N  P A S S  OATE ( K M I  (bills) (UEGHEESJ ( H H S )  ( G W C C I  I P )  (FIO.71 ( K )  (GM/CCJ lGM/CCI I GM/CC I-... 

bPL 4 5 8  503 370 11.33 -92  37  17.48 1 . 4 ~ - 1 5  14. a i .  3.865 I.VE-IS 1 . 2 ~ - 1 s  1.6E-15 
33 0 I'?. 10 -81 4 5  4.2E-15 'J.7C-15 3.6E-15 4.9E-15 

BPD 4 7 2  504 3dU 11.05 -73  3 7  15.93 1.1E-15 19. 82. 0.8dO 1 .5E- I5  9.7E-16 I .3E- I5  
.

355 11.42 -68 4 2  Z.0E-15 - 2.7E- 15--7;8E-T5- ----7.T L T 7 

EFG UG2 5 0 6  2Yb 1H. 57  - e 7  4 0  0.38 / . L E - 1 5  9. 87. 0.d2O 9.7k-15 5 .YE- -15  8.OE--15 
320 ~ I V ; u 5 - - -~ -80- 3 4  2.3E-15 3.9E-15 2.4E-15 3.2E- 15 

. . . . . .  . - .. -. .. 
BPO L o b  5 U 6  273 17. 54  -78 4 7  22.78 2.Oi-14 9 .  87. 3.798 2.7E-I4 1.bE-14 2.2E-14 

. . .  
2gg --1t3.4z -66 38 G.6t-15 8.9E-15 5.3E--15 7.1E-15 

...... -

B P U  5 1 0  5 0 7  14.52 6 .  dH. 0.895 
-8.ut-I e36-1 IO. J L  - 0 6.6E-16 - 8 .  PE-I6-- --.3mn6-

EPO 5 4 t  5 0 9  14. b 8  14. ad. 0.d99 
.~ 

367 9.81 - ? A  4 2  9.4E- 1b 1.3E-I5 8.5E-16 1.1E-15 

._.-..-. - . ...... .____-

EPO 5 6 1  510 3 7 1  Y.85 -73 4 3  14.73 I . / � - 1 5  14. 07. 0.875 2 .3 t -15  1.5E-15 2. OE-I 5 ' 
~ ~ . ~~~ 

3 5 6 7 . T 4 ~  ~ - 64  4 3  2 .6E-15  3.5E- I5 2.3E-I 5 3.1E-15 

- . - 8 

HPU 595 4 1 2  	 2 6 0  16. 61 - 7 5  3 b  2 1 - 6 2  1.7t-14 9.  87. 0.8OY C . 3 E - I 4  1.4E-14 1.9E-14 
-102 1 I .  0 4  - r x - r 7 - - . - 1.5C- IC .-E. 5 E = I " - .  I.cc_- I u 

t3PO 0 7 9  5 1 8  Sod 6 - 2 8  -a* 3 4  11.91 L .9k- I7  3. 99. 0.99U 3.Yt-17 2.YE-17 3.9E-17-~ 
4 4 3  7.01 - - 7 4  43 1.0 E- 16 1 . 3 E - 1 6  9.9E- I7  1.E-16 

....... ____ . 

BPI2 "54 S I Y  U Y "  6 .  I b  - d r  3 7  1 1 . Y 9  2.SE-17 3. 99. 0.392 3 .4 t -17  2.5E-I7 3.3E--17 
432 7 i .Vb  ~ - 76  4 6  1.2E-16 1.GE-lG 1.ZE-I6 1 .bF-16 

d P O  t 9 8  5 1 5  ZSV 15.7Y - 7 4  4 3  Id .76  3.7E-I4 5. 9Y. 0.779 5.OE-I4 2.9E-I4 3.9E-I 4 
LO Y 14.54 - 3 T T  . 2.3E- 1 4  3.1E-I4 1 . 8 � = l T  .- 7 . 4 E - 1 4  .. 
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Table 3 (continued) 

COQRECTFD 
CUURECTCD COMPOSITION COMPOSITION 

a 1 2  5.60 -74 3 7  1.3t- 17 l .dE-17 1.3t-17 I .8E- I7  

BPO 73U 5 2 2  516 5.23 -7v 13.53 I . O r I - 1 7  3 .  d r  . 1.030 I .3C-17 1.0t-17 1.3E-I 7 
4 d l  5. 6 3  

-7u-,L. 3 7  . - _ _  
2. I E- 17  4.2E-I7 3. I E - 1 7  4.2E-I7 

-~~ . 

BPO 7 6 8  524  500 - 4.95 -a5 42 10.64 I.*�-17 2 .  O Y .  3.997 1.Ot- 1 7  1.4E-17 I .9E-17 . 
470 s. 34 -80 40 2.9E- I 7  3 .3E- I  1 2.9E-I7 3.9E-17 

BPO �31- 52U 267 I J. 6t -7n  45 15. ne d . 5 E - 1 4  Ib. 79. 0.775 3 . 4 E - 1 4  1 . 3 k - 1 4  2.6E-14 -~ ~ ~~ 

2Sd 11.37 -bd 37  3.2E- I 4  4 . 3 t - 1 4  2.5E-14 3.3E-14 

2 .a t - I4  9. b y .  0.712 3 . d t - 1 4  2 .  L E - I 4 2.9c-I 4 
3.0i- 1 4  4.OE-14 2-35-14 3. I F - I 4  

BPO nyo 601 259 9.30 -70 43 14.44 2 . Y C - 1 4  1 1 .  t%. 0.763 >.3L-14 3. OE- 14 4 . 1 C - I 4--. -. .__ -__.
276~ ~ io. I Y  - 6 4  3 5  5.OE- 14 4 . 3 t - I  4 2.3E-14 3.ZE-14 

- ._... 

BPO $35 604 204  9 . 1 1  -8Z 30 14.5d 1 . v t - I 4  3. 74. *9.772 % . o t - 1 4  1.5E-14 2 . C E - I 4-	 _
25-b- Y. bb -74  2 8  L.0E-I 4 3 . 5 t - 1 4  2.OE-I4 2.7C-I4 

BPO 94Y 6 0 5  Zbtr 8. 0 7  -73 4 5  1 2 . Y 5  0.0t--15 3 .  7d. 9.739 0. IC-12 4. 7E-I 5 6 .4 f - I  5- -. 
2b5 d. 84 -6r-. 56 1 . 7 E - 1 4  2.3E-14 1 . X - 1 4  1 . 8 C - 1 4  

BPO 564 6 0 6  282 a. 0 3  -75  4 2  13.04 3 . O C - I 5  I b .  77. 3.797 d . l t - 1 5  4 . 7 E - 1 5  b . 4 C - 1 5  
~ - .

261 6.51 - 0 8  3 b  1 . 1 E - 1 4  1.JL-14 8.7E-15 1.Zr-14 

BPO 5 9 4  608 275 7.75 -80 3 7  13 .12  1.2E-14 1 2 .  97. 3.7~10 I .  ot- 1 4  9.46-15 1.3E-14 
253 - 8.35 -72 2 d  2.6E- 1 4  3.5E- 1 4  1.OE-14 2.7F-14 

M O J  7 403 5 1 7  5.07 - 1 2 9  4 1  i 3 .sn  2. IL -17  4. 74. 1.063 2. de-17 2 . l i - 1 7  2.YF--17 
. -

Bb 5. I 5  -m 3 1  - 1.UE-I7 1.3F-17 1.3:-17 1 . 4 E - 1 7  



Table 3 (continued) 

MCJ 3 b  4 0 5  4i)U 4.23 - 1 1 8  '+2 12.24 !>.d+-l7 32. 72.  1 . 9 0 7  b.71-17 5.OE-I7 6 .  @ E - I  7- ~ . 
550 4. YlJ  - 1 1 0  3 4  ? . l L - 1 7  2. iE-17  2 . l E - 1 7  2.7F- t 7 

MCJ 243 419 447 3.  64 - 1 2 1  3 1  3.73 b.Lc-17 1 0 .  e (&.  O.')YI d . 4 t - 1 7  6.1:-I7 d.3P-I7 
483 0.96 -117 2 0  L . 4 L - 17 3 . 2 i - 1 7  2.4F-17 3 . W - 1 7  

~ .___-

MLlJ 4 L L  501  338 20.44 -125 35 4.84 .3.~)t.-l> 3 3 .  01. O . t i 5 d  5 . 3 t - 1 5  3.3F-15 4.5E--14 
350 20.66 -12.3 33 2.5E- 15 3.4c-1'5 7 .1E-1s  2.95-15 

_ ~ _ _ _  500 .-
1'94 l d . 5 0  - 1 1 2  'k1 1.96 f . 1 6 - 1 5  J .  17. 0 . 0 ? 5  Y . o t - 1 5  '5.51E-15 7.Qk-15MCJ 4 5 3  
3 2 T  l Y . 3 3  - 1 0 4  3 4  2.4t- 1 5  3.2E-15 2.05-15 2.7E- 15 

N O J  5Gtl 5 0 7  	 2 0 1  Id. 4 4  - I I +  Jd 2 . J O  o . Z L - 1 5  0. m i l .  3 .435  <>.,+t-15 5.2c-15 7. OE-IS 
33J 1b.  94 - 1 0 7  3 5  2 . 1 r - 1 3  2.3c-15 1 . 9 E - 1 5  2.4t-15 

N C J  >4? > 3 Y  405 U. 9 4  -10, 30 1 o . 2 1  1.3t- -Lt> 14.  d3. 0.0'32 1 . I t - 1 6  Y .QC - 1  7 I .  3r-I6 

20.27 	 L . o T - 1 4  3 .  23. 3.777 3 . j E - 1 4  2 .DE-l4 2.7E-14 
1 . 6 t - 1 4  2. 2t-14 I . > k - l &  1.75-14 

hF L 4 4 0 3  	 4o3 4.3Y -00 4 5  d.79 G . 2 C - 1 7  4 ,  711. 0.799 9 . 7 ' - 1 7  L. 2'- 17  5.7E-17 
523 b. 50 - 5 4  40 I .bt- 17 2. Zt- 17 1.+�-17 2. ? F - l 7  

- 5 1  4 3  7.27 6.515-17 1 3 .  73. 3.375 G.35-I7 6.7F- 17 9.1F-17 
-4.4 4 0  3 .  b i- 1 7 *. ,i- I 7 3 . 5 E  -17 4.7F-I 7 

- 4 t  4 4  7.4C 7.75-17 32. 7 % .  2.Yi7 1.3i-16 7.7E-17 1.9F-16 
-43 4: 3 . 3 t - I 7  7.  3t- I 7  5. H E - I  7 7.4'5- 1 7 



- - -  

Table 3 (continued) 

CJQRECTEO 
COc<HLCTFD CLIMP~SIT I O N  CUvlPOSI TIlJhl 

L l L  A L  CcCG. (APHI ;  4tAN kHL1 V C , l o  4r10 N 2 . 1 6  AUJUSTEO 4DJUSTCU 
ALT11,UL)t T I . 4 t  L C N b I T L O t  L A T I T U O =  u M T  u=N>ITY A I- COMP. I U t N S I T I  UENSITY UENSI,TY 

I O i . , A t t i  1 ( H A 5 1  lU4 /CC l  I P J  l T l L 1 . 7 1  IKI lGU/CCI lGM/CCI ( cJcI/cc 1S T A T I O N  P A S S  D A T E  I K M I  I H H S )__
hFL 2 3 4  42u 315 22.20 - b 0  32 2 . ~ 9  4 . O L - I 5  7. 76. 0.555 b . L t - 1 5  3.YE-15 5.3E- 1 5  

._ 

355 2 5 . 2 5  -'Io 4 5  3. d t - 1 e, 1 . I E - I 5  6.6E-16 9. ZE- 16 

NFL 785 5 2 5  c6O 1 0 . 6 U  -51 32 1 4 . 1 0  1.2c-14 3 ,  d3. 0.732 l.ot-14 9 . 4 E - I 5  1.3E-I4 .
263 11.64 -37 us 2 . Z r - 1 4  3 , O C - 1 4  1.7E-14 2.3~5-14 

N F L  e C U  5 2 6  	 282 10.34 -50 5.2 14.17 1 . J L - 1 4  6. 70. 0.7M5 1.3t-14 1.06-14 1.4E-I4 
263 11.42 -42 4 4  ? . L l < - I U  3.5E-14 2.OE-14 2.RE-I 4 

N F L  d15 827 Le1 10.24 - 5 9  5 1  1 4 . 2 1  i.iL-iu r .  4.1. 0 . 7 ~ 5  I . ~ E - I U  s .6t-15 1.2E-14 -
. 262 11.25 - 4 5  4.2 . 2.7E-14 3.6E-14 2.1E-14 2.W--14 

NFL E 4 1  5C9 	 500 3. d o  -c3 47  7."3 3 . o r - i r  2 1 .  O S .  0..>97 ~ . I E - I ~  3.1~-17 5. IE-17 
465 4.44- - - 4 0  5 1  . , . 4 L - I 7  7.36-17 S.4E-17 7.3E-17 

_ _  
NFL d 5 b  530 4Y7 3 .  73 - 3 3  43 r .07  J . J ~ - I ~1 2 .  4 3 .  3.995 *.at-17 3.01517 4 . O E - 1 7  - ~~ 

400
 4.35 -50 5.2 u. 4c- 17 d . 6 E - I 7  6 . 4 E - 1 7  8.6f-17 

NFL t 7 4  531 LY6 
~ 

270  
d.  	46 -5u 5 1  

3.-tl5 - 4 4  43  2. I* i- I 4 


12.13 3.,,~:-15 9. 0'4. 5.793 	 1.2E-14 6.8li-15 
3.2t-14 1.YE-14 

9.2E-15 
2.6E-I 4 

NFL U d Y  001 	 502 d . 4 7  
272  

-a4 5 1  1 C . 7 7  l.>~-14 1 1 .  64. J . 7 2 0  L . 0 t - 1 4  1.2E-14 1 . b F - l 4  
-..

Y. 53 - 6 4  43  3 . 4 - - 1 4  4.6E-14 2 . X - 1 4  3 . 7 C - 1 4  

NFL 9 c 3  b o b  	 3 d O  7. S C  -57 u r  11.34 3 . 4 ; . - 1 5 I f , .  77. J . 1 9 5  4.bt -15 2 . 7 E - I S  3 . C E - I S  
170  a. 42  - 4 4  37 I .  4 ~ -I 4  1.YE-14 l . l E - - 1 4  1.5E-14 

hFL 577 6 0 7  340 D. 26 - 5 2  52  9 . 7 ~  L . d c - 1 5  43. 84. 3 . U 3 7  5 A t - I 5  l.dE-15 2 . 5 E - 1 5  _ _  2 9 7  7 . 3 Y  - 3 6  45 r .  clc- I 5 I.OE-I4 6.3E-15 8.5E-15
~ ~ 

NFL FY2 bot) 331 0. 30 -5.2 3.J 9.7d L . L L - I ~  1 2 .  113. U.833 l . 6 t - I 5  1.OE-15 I .  3E-15 
29 3 r. L - -3a 4 3  5 . 3 E - I 5  8.JE-15 4.9E-15 6.65-1 5 

I 



- - - -  
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Table 3 (continued) 

. . .  .. 

COdRECTEO 
~ U W H r C T t O  CUMPJSI  T I l l N  CUMPI lS IT  I U N  

LOCAL GEUGH APH I C M6AN ??HI1 N 2 . 1 6  d H U  &.lo ADJUSTZU AI>JUSTFO 
A L T I T U V ~  T I M E  LCNGITUDE LATITUUE G M T  DENSITY A F C O Y P  . D L NS I T Y DENS I T Y DENS1 T Y  

STATION F A b S  L A T t  (K'4). ( H d S )  ( C tGP tt.S ) 
..- . 

(He51 ( G . d / S C )  ( P )  (F10.71 1 K I  lGM/CC1 1GY/CCI  1 G Y / C C l
.- - -. - -

~ 

G F C  1 2 6  4 1 1  	 201 19. LtY -135 4 Y  2.91 '?.It-I4 3 .  ad. 0.778 2.dE-14 1.6E-I4 2.2E-14 
i 7 J  2 0 . 4 4  -89 55 I .  5E- 14 2. Ot- I 4  1 .2E-14  1.6E-14 

_. 

GFO 1 5 3  4 l b  26s 17.Yd - Y C  4 6  0 .11  3 . 8 E - I 4  6. at). 0 .776 5. I t - 1  4 2.9E-14 4.OE--14- .~...- ~ 

GFO 23L)  4 1 7  	 2bU 17. St -99 45  0.20 2. 3 E - 1 4  7. 87 .  0.778 3.lE-14 I . R E - 1 4  2 . 4 E - 1 4  
2 6 2  18. I 8  - Y l  5u 3.  L E - 1  4 4 . 3 E - 1 4  2.SE--14 3.4E- I4 

GFO r i 5 ~  411) 	 270 lb. 86 - M - 4 8  -22 .  E9 ;T;5�-14 10. 84. 0 . T I E  3 . 4 E - I 4  r. ~ E - TT-- r*ot-m 
2 b L  17.78 - 7 7  5.3 3.3E- 1 4  4 . 5 E - 1 4  2.6E-14 3.5E--14 

GFO 267 42C 576 16.23 -103 45 22.44 l. '3t-14 7. 73. 0.784 2.6E-14 1 .5E-14  2.0E-14 
2 6 4  17. 19 -87 5.2 2 . 6 t - 14 .3.5~-14 2.0E-14 2.8E-14 - __.__ . . ___  _. .. . .  . .-. - .- 

- G F C  211  4 2 1  335 22.63 -105  4 a  5 . 6 0  L.8E- 15 4. 74. 0.863 2.4E-13 1.5E--15 2.1E-15 
i55 2 2 . 0 1  -Y1) 44 U . O E - l b  1. I t - 1 5  6. YE-I6 9.3E-16 ~. 

. ...GFU i Y 7  422 279 15. 7Y-- - f l O  4 7  Z3.13  1.lt-14 1 1 .  72. 0.7r)5 1.5E-I 4
2 b 4  1b.dCI -94 a4 2 . 7 t - 1 4  3 . 6 t - I 4  .~ . 

- G F C - 3 C O  423 310 . z l . i o  -Pa 5 1  4 . 1 2  5.3E- 15 '1. 71. 3.845 7. L L - I  5 4.5E- 1 5 h. OE-I5 
345, 22.43 -05 4.3 I .4  t.- I 5 l..JC-l5l 1.2E-15 l . h E - I 5  

... . - -. . .. . .  

GFU 315 4 2 4  	 320 21.66  - 3 d  4 a  4.21 3 .7 t - 15 2 .  73. 0.a56 5 . S E - 1 5  3.2E-15 4.35-15 
354 22.37 -ad 4 1  9. L E - 16 1 . C T - 1 3  7 .OE-16 1. IF-15 

GFC 355 4 L b  3u 1 1 4 . 2 0  -3;44 zu. 20 5 . 3 F - 15 5. 72. o . a o i  7 .  Q E - 1 5  4 . G F - - 1 5  6.X-1s 
272 15. 07 -77 5 1  9.0 i- I 5 1. 2c'- I 4  7. 2t- 1 5  9.7E- 15 

G F O  3e5 428 zo3 13.73 -58 4 6  20.34 7 . 4  1:- 1 5 3 .  78. 3.631 I . J i - 1 4  5. !2:-15 a.0=-15 
~ 7 6  14.5C - e 2  5 3  1.3L-14 l.8t-14 I.OE-14 1.4F-14 - . - .. . 



-- 

Table 3 (continued) 

COHRECTED -~-.____ 
L U R l ( t C T E 0  C U Y P L I S I  T I ' J N  C U W P O S I T l l l N  

LUCAL GECCIRAPHIL MEAN Rho d 2 . 1 6  4HU '42.16 ADJUSTtD ADJUSTED - ~ _.
A i T I T U U t .  	 TINE L u N G I T L C ~LATITUDE GMT D z N 5 I T Y  A COMP. DLNbI T Y  3 E U S  I T Y  9ENS I T Y  

(HHS) ( G M / C C )  ( P )  (Fl3.7) ( K )  ( Y W C C )  ( G M I C C )  (GMICCISTATIOlv PASS DATE (KM). ( H i c S )  ( D t G H t C S J  
. ,..-. 

GFO 389 42Y 	 305- 20.27 - 1 * 1  4 0  3.03 4.3L-15 4. 7n. 3.837 5.Jt-I5 3.65- 15 4.9E-15 
33 I 20. as - Y 3  4 0  1.YE-I5 2.6E-15 1 .6E-15  2.IE-15 

G F l j  42Y 501  	 349 12. It! -101 39 18.53 3.4~-I5 35. t ! Z .  0.855 4 . M - I 5  2.YE-15 3.YE-15 
3 2 0  12.74 -53 45 D .  I � - 1 5  8 . d L - 1 5  5.ZE-15 7.OE-15 

GFO 4 4 4  502 	 342 12.07 -104  42 I Y . 0 5  3.0i-I5 L 4 .  82. 0.851 4.r)t-1s 3. le-15 4.  LE-15 
320 12.53 -vu 40 5 .3E- I5  7 . X - I 5 4.5C-15 6 .  LE-15 

GFU 474 5 0 4  327 1 1 . Y C  -loa 4 1  lY.20 O.dr.-15 I Y .  H L  * 0.527 Y. 2E-I 5 5 . M - I 5  7.6E-15 
2 w - - TJ. 04 -93 54  1.6E-I4 2.2E-14 1.3E- 1 4  1 . 8 E - I 4  

.. ___.. -.-

GFG 4MU 505 372 1 O . Y l  - 1 o J  40 17.59 1.4E-15 1 5 .  64. 0 .  do2 1 . 9 t - I 5  1.2E-15 1 . 6 E - 1 5  
.

325 1 1 . 8 1  -87- 4 6  5 .  L E - I 5 7. OE- I 5 4.5E-I 5 6 .  I C - I 5  

GFC 5C3 506 374 IO. 65 -104 4 0  I I.6 7  1 .56 -15  3 .  67. 0.805 2 . O t - 1 5  I.3E-I5 1. R E - 1 5  -	 ~ 

330- I.-I.  4 9  - Y 3  48 3.9k-15 5 . J L - I S  3.4E-15 4.6E-15 

GFU 507 507 L7M 17. 77 -94 .*i 0.39 1 . 5 E - l l t  0. i lU .  O.dl0 2.3L-14 1, ZE-I 4 1.6E-14 
~~ ~ ~ ~ ... 

306-- ~~ l d . 5 i  -dd 3 0  4. dE- 15 0.5t-13 3.9E-15 5.2E-I 5 

GFU 1 4 d  509 323 11.14 - 1 0 2  5 2  17.90 5.3t-15 1 4 .  00, 0.825 7.2E-15 4.4E-15 5.9E-I 5 
.. . - ..

290 12.43 37 1.9F-14 2. (rF-14 I .GE-14 2 .1E-14  

GFC 607 513 	 335 10. I 1  - Y 7  54  16.5Y 1.4E-I5 22. 09. 0 .  d 4 0  1 . 3 C - 1 4 7.9E-15 I.1E-14 
30.5 11.28 -83 57 2.OL-14 2.7E-14 1.7E-14 2.3E-I 4 

. . .  . 

GFU tL5 5 1 4  	 201 15.00 -103 47 21 .09  3.0rI-I4 1 2 .  Y5. 3.778 5. IE-14 3. OE- 14 4 .OF-14 
2 7 0  15. 72 -00 3 3  3.ZE-14 4.3E- 1 4  2.5E-14 3 . w - 1 4  

_. 

GFO 734 522 50U 5.30 - 1 o L  J'j  12. 1 4  1.7C-I7 3 .  89. 0.994 2. .At-17 1.7E-17 2.3f -17 
- .

44 6 a. 1 1  - 9 1  47 0. OE-I7 1.1E--16 a. O E - I ~  I.IE-16 



Table 3 (continued) 

C O I t R E C T F D  
C U k d l i C T E 3  COMPOS1 T I  C N  C CMPOS I T I O Y  

L O C A L  G t C G c ( A P H 1 C  M E A N  K H O  N L . 1 6  rHil  N Z . 1 6  A @ J U S T E O  A D J U S T E D  
A L T I T u ~ C  T I H L  L O N G l T U D i  L A T I T u U c  GMT 3 t N S I T Y  A F COMP. D E N S I T Y  D E N S I T Y  D E N S I T Y  

S T A T l C k  P A b h  v P T t  .~ 

G F U  7 5 4  t i 3  

C U L  l Y 7  41t ._  - . -

C C L  4 1 1  301 

caL 5 0 7  5 0 7  

C C L  7 2 6  s r l  

CLlL 143 5 2 2  

C G L  7 7 2  524 

. . .. 

C C L  7 7 3  524 

I K M I  l l i k ? S ]  ( DEb,HEt  s 1 (HHb) l G H / C C l  I ? )  I F l O . 7 )  I K I  ( G M / C C I  l G M / C C l  I G M / C C I  

453 5.8L -Yb 4 7  1 2 . 2 2  3 .  Y L - 1 7  3 .  93.  J .Y42 5.3k- 17 3 . 7 E - 1 7  5 . O F - I 7  
413 0.51 -80 5 2  l . > ) c - l L ,  1.3E-10 9 . 4 E - 1 7  1.3F-16 

2 7 1  2 0 . 4 0  - 1 5 4  5 7  b . 0 7  - . O L - 1 4  0 .  40. 0.793 2 .7 t - I 4  I . 6 E - 1 4  2 . 1 5 - 1 4  
nu3 22.00 -130 5 7  I .  05- 14 I .  JE-14 7 . 9 E - 1 5  I .  I E - 1 4  

205 1 5 . 0 0  - 1 4 7  5 7  1 J . 4 C  3 . L E - 1 4  3 5 .  d L .  0.776 4.3�-14 2 .5 ,  - I 4 3. a � - 1 4  

- 1 5 0  56 I .t i0 3 . 2 E - 1 4  2 4 .  a2. 0.776 4 . 3 i - I  4 Z.5F-16  3 . 4 E - 1 4  

20 7 1 4 . 6 0  - 1 4 5  5 8  9 . 2 5  2.3k- 1 4  be t i d .  0 . 7 7 6  A .  4L- I 4  1 .‘1C-14 2.6C-I 4 
io I 15.50 - 1 2 5  5 0  3.3E- 14 4 . 5 c - 1 4  2.6F--14 3.5E-I6 

c 6 5  1 4 . 7 C  - 1 4 4  5 7  12.30 2.9E- 14 10. dC. 0 . 7 7 6  3 .  Q C - I 4  2. .‘+E - 1 4 3.OE-14 

- 1 5 3  57 1d.64 1.3L-I  5 5 .  8 8 .  0.345 1 . 3 E - 1 5  1. LE-15 1 .5E-15  
- 1 3 L  3ti 4 .  3i- 15  5 . O t - 1 5  3. O F - 1 5  4.YE-15 

345 d .  4~ - 1 5 4  5 7  13.70 I . > . ? - 1 5  3 .  ag. 3 . 8 4 3  2 . 3  t - I 5  1 . 3 6 - 1 5  1 .75 -15  
205 9. $8 - 1 3 1  5 7  5 .5L-15  7.4L-I  5 4 . h t - I  5 6 . 3 � - I  5 

333 6 . 7 1  -151- 5 8  18. r3c.  2.4F-15 3 .  9 3 .  0 . a ~  3 .  ‘E-1 5 2 . O E - 1 5  2.7tI-15 
Z Y 5  10.33 - 1 Z d  5 b  8. O F - 15 1 .  LE-14 6 . 7 E - 1 5  9.OE-15 

375 7. 2 3  - 1 4 3  5LI 17. 17 4 . 4 E - 1 6  2 .  09. G .  867 5 . Y F - 1 6  3. 8E-1 G 5.1E--16 
32d d .  7 7  - 1 2 0  5 d  h .6E-15  3 ,St- I 5 2 . 3 E - 1 5  3.OE-15 

334 
L96 

a.  5 4  
1 0 . 1 6  

- 1 5 4  
- 1 3 1  

5 8  
5 0  

16.62 2.1E-15 
6 .  8 E  - 1s 

z .  d 9  m 3 . 8 3 5  2 . 8 E - 1 5  
9. Lt- I 5  

1.H.E-I5 
5.7.E-15 

2 .4E-I5  
7 . 7 E - 15 
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Table 3 (continued) 

CLlL 7 0 7  5 2 5  	 3 7 0  7 . 0 5  -15.2 5 7  1 7 . 0 7  t). 5t- 1 b u. ut-lo 5 . 6 F - l h  7 . 6 6 - 1  b 
328 d. 30 - 1 L Y  S d  . 2 . 7 t - l f ,  3 .  o t - I  5 2 . 3 F - I S  3 .2E-15 

CUL 7 d U  525 334 8.40  - 1 5 7  5d i d .  nn 3.k-15 8.3. 3 , 8 3 5  4 . 3 t - I S  2 . 7 E - 1 5  3 . b E - 1 5  .-. 
29 5 9 . 9 6  -134 5 5  7.>;-15 1.lE-I4 6. GE-I 5 8.YE-I 5 

CUL � 0 2  32.5 353 7. b 4  -14.r  5 c  1 7 . 2 8  I . U C - I S  7 0  * J.855 1.yc-1,  1 . x - I 5  1.6E-15 
3> I u. 38 - 1 J r  5 d  2.4t- 1 3  3 . L E - 1 5  7 .  LE-IS 2 .  dE- I 5 

~ 

C C L  E O 3  5 d b  	 3.33 n. J I  - 1 5 9  3 d  1 8 . 9 2  3.lc-15 7 0 .  0 . 8 1 2  4.2$ - I  5 2 . b L - I  5 3 . W - I  5 
CY5 3 . 7 5  - 1 3 7  54  7 .  li- 15 Y. D t - 1 5  5 . 9 E - 1 5  8 . O E - 1 5  

COC uL7 527 373 b. EO3 7 - - . -
-1su 31 1 7 . 2 8  0 .oL- 1c, t%C. o . a j i  8 . 1 E - l b  5 .2E-16 7.OE-16 

329 d. -135 57 L . b E - 1 5  3 . 5 E - I  5 2 . 2 E - 1 5  - - 3 . U F 1 5  

CCL � 3 1  528 418 5.52 -15L 55 1 5 . 8 8  C. Jt - 15 79 .  9.900 3 . l t - 1 6  Z.1E--16 2 . n ~ - 1 4  . .  -~ 
3x4- - b. 98 -137 5 c  i.JE-IS 2.4E-15 1.6E-I 5 2 . 2 E - I5 

CCL 8 7 5  $31 455 4.23 - 1 4 y  a4 14.15 0 . t K - I  7 dY. 0 . Y . i 4  9 . 2 C - 1 7  b.4E-17 E1 .6E-17  ..~ -~ 
395 3. 6 e  - 1 2 6  stl 2 .  i c - 16 3 . 3  E- I b 2.7E-16 3 . 7 E - 1 6  

~. 

CGL �77 5 3 1  	 355 6.  d 7  - 1 5 4  5 7  1 7 . 5 1  I .  SL- 1 5  89. 0 . 8 5 3  2 .0L-15  I . 5 E - 1 5  1 . 7 t  -15  
314  a. 21 - 1 4 0  5 4  *.?;-I5 6 . 3 C - I 5  4 . O E - I 5  5 . 4 E - 1 5  -

CGL d Y 1  bo1 dB5 5. 8 3  - 1 5 1  35 L > . r j Z  7 . 2 i - I O  d4. 1.CL-15 7. YE- 1 h 1.lE-15.~ ___ 
357 6 . 6 7  - 1 J ’ j  5 7  I .41- 1 f r  I . 2 E - 1 5  I .  2E-15 1.7E-I 5 

. - CUL 935 - 604-_ 4 3 3  
-JTb-.-

4 . 1 3  
5 - 6 9  

- 1 5 J  
-1 .51  

5 7  
5 7  

14.>u 4. It-1 7 
2.91-16 

7 9 .  0.913 5.  bc-17 
3.9E-16 

3. 7E-17 
2 .  6 E  - 1  6 

5 . I t - I 7  
3 .6E-16 

-. ~ 

CUL 950 bo5 440 3. U U  -131)  3 7  14.42 I ,  7 r - I 7 7 s .  0.333 2.3t - 17 I . b C - 1 7  7.1:-I7 
QUO 4. u 4  - 1 4 4  50 7 . 6 1 - 1 7  1. OE- 1 6  7 .1E-17  9 .5F-17  

- ~ .. 
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WNK 16 404 	 4 0 7  3 .  a 3  - 1 2  53  4.05 l . l E - 1 6  19.  70. 0.951 1 . 5 t - I 4  1.OE-16 1 .4E- I  6 
4 6 9  4.33  G - k r - 3 . 1 F- I7 4.2E-17 Z.9E-17 . 4.OE-17 

4.17 4.9E-17 3.2. 72. 0.992 6 .oE- I7  4.3E-17 6.6E-I 7YkK :I 405 	 4 5 4  3. L O  -4  4 7  
460 . 4 . 3 7  . 3  4 3  

_~ -. ... . . 

1 . O E - 1 7  2.4F--17 1 . R C - - 1 7  2 . 4 E - 1 7  

- .. .. . .. . 
1. R E - I 6l l h K  45 406 405 2. u 7  4 52  2.64 I . 4 t - l o  19. I n .  0.933 1.Yk-Ib l..3E--16 

434 3.47 I2 4 8  7.9E- 17 1.1E-16 7.4E-17 1.OE-16 

wNK 00 4 J 7  408 2.75 
.. 

J 5 1  2.76 l . ' i E - l b  15. 60. 0.Y33 Z . J t - I 6  1 . 4 C - l b  1 . 3 E - I  6 
440 J. 3 c  B 47 8.4E- 17 l . l E - 1 6  7 . 3 C - 1 7  I . 1 E - 1 6  

WhK lo3 4 1 4  	 333 23. d0 - 5  5 4  12.14 5 . 4 L - I 5  17. u7. 0.855 4 . o c - 1 5  2 . 9 c - I 5  3. Y E - I  5 
745- J. 15 0 5 3  2.lF-15 2 . r l E - 1 5  1 .8E-15  2 . 4 E - 1 5  

YlvK r 3 7  4 1 d  314 L d .  3 4  -9 5 3  23.0i) 5 . 4 t - I S  15 .  66. 0 . 8 5 1  7 . 3 E - I 5  4.6E-1.5 6.2E- 15 
--~ 

35 7  23.52 7 4 b  l . l E - 1 5  1 . 5 E - 1 5  9.4E- I6  1.3E-15 

WNK 3 5 b  4 2 Y  	 303 13.65 -3  47 14.02 o . 4 k - 1 5  4. 76. 0.601 d.6t-I5 S.lE-lS 0.9:-I5 
L ( 5  14.85 7 - z-.sa - - 1 .3E-14  1 . 3 E - 1 4  1.X-14 1 . 4 E - 1 4  

-.-

UhK 426 5 0 1  300 13 .33  - 1 3  5 J  14.20 1 . 0 ~ - 1 4  35 .  82. O . d O O  2 . X - I 4  1 . 3 F - 1 4  I .7E-14 
274 14. 5 4  5 5 5  2 . D t - 1 4  .3.dE-14 2 . Z F - 1 4  3.OE-14 

WNK 502 5 1 0  	 265 1 b. 23 -4 4 7  10.bl 3.ot-14 14. 07. 0.797 k . 9 L - 1 4  z .3F-14  3.HF-14 
2 8 5  1 7 . 2 2  9 3 a 1.4E- 1 4  2.4F.-14 1 . 4 E - 1 4  1.9F-14 

whK tle 5 1 4  	 351 Y. 5 4  - 1 0  5,: 1 J . 2 2  . j . S - - 1 5  1 2 .  ' 3 5 .  0.645 4 . r t - 1 5  > . O F - 1 5  4 . O F - 1 9  
3 1  L I d .  63 9 57 8 .  *3F-15 l . 2 C - 1 4  7.4E-15 1.OE-14 
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bNK 738 52.2 2Y6 IO. 4 4  - 4  5 7  10.73 3 . D t - 1 5  3 .  d j .  0.793 I . & - 1 4  6.OE-15 9.2E-15 
I4270 l l . d 3  Lb 51  I .  %I<- 2 . 4 t - 1 4  1 . 4 C - 1 4  1.3F-14 

I ~ K  753 s z j  zao 10.66 -L 3, I O . d O  j . 4 i - 1 3  3. 93. 0.70') 1.JC-I4 6 . 7 t - I 5  9. O E - I 5  
. . ~

270 ~ 11.60 I 2  5 1  1 . 5 t - I 4  2 .0L-14  l . l E - 1 4  1.4E-I4 

YkK 754 529 	 L6U 11.76 - 1 9  50 16.46 1.7t-14 3. 93. 3.796 2 . 3 t - 1 4  1.3E-14 I.RE-14 
259 12.62 2 42  Z .6 i -14  3.5E- I4 2.OE-14 2. RE-1 4 

-_ YNK 705 564 	 4713 5.28 - J  4 5  2 . d 3  > . I t - 1 7  2. 6 ' r .  0.9b2 2.*�-17 2.OE-17 7.7E-17 
410 6.31 7 5 2  '9. 4c- I 7 1.3cI- lu 9. O F - I 7  I .2E-16 

YNK 7 6 8  524 PI38 I U . 5 3  - 5  5 ,  10.u7 ¶ .2= -15  2. 6.5E -1 5 B.7F-I 5_ -
2 6 6 - . 11.70 12 4.3 I .c>:- I 4 1.3E-14 I.7E-14 

I N K  7U3 525 268 13.33 -n 54 1 O . Y O  Y.lt-15 3 .  d J .  0.79'1 1 .11 -14  6 . 4 E - I 5  8.6E-15 -
266 11.47 d 4 7  I .d t - 14 2.4L-I4 I .aE-14 1.9E--11 

WNK e i c  527 	 438 4. 9 8  -15  a 3  0.02 3 . y r . - 1 7  7. 01. 3.Y37 >.3t-17 3.7e -17 4, ' JC  -1 7 
3Y7 6. 27 -.3 -56 I .5L-l9 2 . J E - I O  1 . 4 C - 1 6  1.9E-I5 

YNK U40 5 2 9  	 403 5 . 8 0  -5 5 >  6.1" 4 . 5 r - l o  2 1 .  41. 0.435 5.rJt-lo 5.3F--16 
36 7 6.22 1 57 9.4r.- 16  1.3E-I5 l . l E - 1 5  

l k K  EAL 52Y 	 311 t. 7 1  - I 1  J >  4 . ~ ~ 6  - , . 6 , . - 1 5  21. .3?. 0.83.) 7 . h i - 1 3  4.55-15 6.16-15 
2 79 Y. 5 4  7 49 > . 1 = - 1 4  2 . X - 1 4  1.7E-14 2 . 3 E - 1 4  

I
4 
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YNK e99 602 	 4 f 5  3.56 -=-m-=---p;~5-- K E E - T ~  IO. a t .  U.WIJ s . r~=i t  3. I t - I  f 5.ut-ar 
430 4.55 - 2  55 1.OE-16 3.3E-16 9.7E-17 1.3E-16 

YNK 900 602 3 9 1  5.57 ~~~ 7 1 - 58 8.33 2.OE-16 I D .  EI. U . 8 T 8  2.X-16 1.Mt-lb Z.*t - lb 
349 6b 83 7 5 7  1.3E- 15 I .BE-15  1. I � - 1 5  1.5E-I 5___-

-I N K  9 0 1  6 0 2  3 4 1  r .  0 8  56 7.95 < . U t - I 5  10. 81. u.u45 J .ut--15 C . l t - 1 5  J.Lt-13 

31 1 8,02 1 53 4.8E- 15 6.56-15 4.1E-15 5.  SE-15 
.- _ _  ~-

UNK 914 603 466 3-58 - 5 4. bY 4 . 1 t - 1 1  0 . - -m.-u . m  5 . 5 t - l f  3 .y t -1  I 5. at -&r 
430 4b 40 -5 57  1.2E-16 1.6E--16 l . l E - I 6  1.5E-16 

UNK 916 6 0 3  3 J 4  I .  1 4  - 5 5  8 . 0 3  3.ut--15 --6T- ~ =.--= +.Ut-15 Z .  5t-1 5 0.  e t - I  5 
2 9 s  8’ 33 4 4 9  6.3E- 15 - 8 . 5 E - I 5  5.2E-15 ?.I�-15 

~ ~ ~~ 

I N K  545 6 0 5  J b 6  6.16 - 6.45 4 . J t - I b  L .  U.baJ 5 . U t  -I b  J e r t - l b  5. ot--le 
310 7.48 15  50 3.5E- IS 4.7E-15 3.OE-15 4 OE- 15 

. . 
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30 5 7.21 10 47 8.OE-I5 1.1E-14 6.7E-15 9. I � - 1 5  

YNK 9YO 608 31 7 bb 6 8  - T - & - - T . T - - T . f t - l >  TZ; -mJ. D2327 7.3t-15 1 4t-15 1 . Y t - l b  
4.38-15 2.6E-15 3.6E-15

305 6.99 6 46  - .- 3.2E-15 . ~

-5NT L I  404 bLU 1 t h Y 6  LL.00 ~ . a t - ~ u1 9 .  tu. 1.usu >.It I U  4 .uC-lu ?.+E-1 0 

550 17.53 -78  -28 I .9E-17 2.6E-17 2.OE-17 2.7E-I7 ____ ~~ ._ . ~ - ~___ 

-77 .-m T V ; r U - - - ~ l . S E ’ t f  ~ TU: 89. T;=W 7.m-11 i . y t - 1  f .=.ot-I ISNT 1 5 4  413 	 833 4 . Y l  
_- 

875 5.44 -71  -29  l . l E - 1 7  1.5E-I7 1.4E-17 I .  9E- I  7 
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SNT 7UY 525 5% 1 9 - 7 7  - 7 8  -33 20.98 1.SE--17 8. 83. 1 . 0 4 0  2.OE-17 1.6E-I7 2.1E-17 
590 16.00 -74 -37  5.dt -18  7 .UE- Id  6 . O t - 1 8  8. I t - I 8  

SNT e33 528 5 1 s  14.66 -72  -31  1Y.47 3.5E-17 16. 79. 1.015 4.7E-17 3.6E-I7 *.BE-17 
- . E-TT 

555  15.01 -07 -36  1 ; 9 E - I T - 7 ; S E - 1 7  1 .%-If 

~ ~~ 

SNT 966 606 475 12. 03 -68 
510 12.39 

_ . -.- -. ._ ~ 

1 3 E - 1 7 i.ut--Ir 1 . s t - 1 7  

~ ~~~ - - .  ~~ - . . ~ ~ _ ~ _ _ _  

aur 13 404 405 18.82 -82 -7 0.32 2.OE-16 19. 7 0 .  0.889 2.7E-I6 I.8E-16 2.4E-I 6 
355 19.22 -77 2 9.0.5-16 1 . 2 ~ - 1 5  8 .OE--lb 1. IE-15 

-6,--4v.-. -36  
~~ 

16.58 -.7,0E;- 3.1E-17 11. 84. 1.000 4 . E - 1 7  3.lE-17 4.7.E-17 

aui  284 4 2 0  542 13.38 -91 -7  19.45 4.6E-17 7. 7d. 1.006 6 . X - I 7  4.6E-17 6.2E-17 ~
488 13.72 -86 1 7 . x - 7 - - ~~~ I .Ot-16 7 .5 t -17  1 . O t - 1  b 

aui 278 421 604 1 2 - 7 4  -77 -IS 17.89 l.6E-17 4. 74. 1.036 2.2E-17 1.7E-17 2.2E--17 ~
533 13.18 -71 -5 3.7E-I7 5.OE-17 3 . u t - 1 7  5.2 t - I  7 

_. 

. . . 

aur 788 5 2 5  328 13.96 -78 6 19.19 J.OE-15 8 .  83. 0.869 4.OE-I5 2.6E-15 3.5E-I 5 
380 14b42 6.Jt-16 U . 5 t - l b  5 .5t--Lb f .Qt - lb  

QUI 805 526 333 13.76 	 - 8 2  3 19.21 1.6E-15 6. 76. 0.857 2 . X - 1 5  I .4E-15  I .9E-15 __
343 13.83 -81 I 7.X-E-~ ~ r;6E=15 1.08-15 7.%IT-

au i  e77 531 3 2 9  12.33 -83 -2 17.85 1.9E-15 9. 89. 0.860 2.bE-15 I.6�-.15 2.7.E-I 5 
-_

326 121 bU - - 5.bt--T6 f . O t - 1 0  4.ut-10 b.  5t-1 b 

JOB 740 522 510 Ib.  26 28 -22 14.42 3.4E-17 3. 89. 1.017 4.bE-17 3.5E-17 4.7E-I7 
5r0 I O .  / I  34 -31 Y . u t - i n  1.3t-I I 1 . u t - 1  1 1.3t-1c 
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OGY 721 521 	 553 1 6 ~ 9 1  135 -27  7.96 2. IE-17 5. 88. 1.053 2.8E- I7 2.2E-17 3.OE-17 
622 17.48 142 -36 5.3t-18 7.2E-18 5 .et - 18 7 . 3 t - 1 s  

OOM 736 522 	 545 16.59 129 -27  8.00  1.7E-17 3. 89. 1.045 2.3E-17 1.8E-17 2.4E-17 
613 17.10 1Jf  -36 b. f t- LU v.m--la f .ut--Ltr Y. 3 t - I  (I 
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44 0 11,.34 I J f  -Sd l.bt-16 L. Lt-10 l . D t - 1 0  d .ut- 10 

F T M  20 404 	 513 4.83 -86 40 10.56 2.1E-17 19. 70. 1 .021 2.8E- I7 2.1E-I7 2.9E-17 
5UO bb 49 - I I . U t - - l f  I a�-1 f 1 ut--^ r L. *t-1 r 

~~ ~ _ _ 

F T Y  34 405 489 4.34 -70 42  9.01 4.8E- I7 32. 72. 1 .003 6.5E-17 4.8E- I7 6.5E-17 
525 4.75 - 38 2 . b t - l f  3 .bt-1 f d .  OF- 1 f s.dc-1 r 

-
F T M  301  423 	 463 2 3 b 8 1  -91 24 5.92 3.3E--17 9. 71. 1.000 4.5E-17 3.3E-17 4.5E-17 

1.30 U. JU - 13 1. ut- 1 f I .at--l  f 1 .ut-1 f 1.at-1 r 
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.~331 1.5. S3 - 38 -;Y�-t5- ~ J O T � - 1-2.3t- 1 3  s .4~-13  
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__ 
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CORRECTED-_ _ _ ~ ~ ~ ~ - . .-
-COMPOS1 T I  ON CORPOS I T  I O N  

. 

LOCAL GEOGRAPHIC MEAN RHO NZ.16 RHO N2.16 ADJUSTED ADJUSTED 
ALT1,XUDE T I M E  L O N G I T U D E  L A T I T U D E  G m  D E N S I T Y  7- T- - - -cuRP.  DERSITY 

STATION PASS DATE I K Y L  I W S )  (DEGREES) I H R S )  L G W C C I  (PI lFIO.71 I K I  I G W C C J  (GM/CC) 4 GR/CC I 

F T M  b 6 4  517 	 602 5.77 -90 19 11.79 4.6E--18 6 .  100. 1.035 6.2E-18 4 . E - I 8  6.4E-18 
535 br 28 -83 29 1.7t-17 2.3eir I bt-1 r 2.4E-I7 

_._ _ ~  - -~ ~. . 

F T Y  618 518 596 5.57 -70 21 10.24 3.2E-18 3. 98. 1.043 4 . X - 1 8  3.3E-16 4.SE-I 8 -~ 
560 5.84 -6a 26 8.2E-18 1.1~-17 FJ . O L - l F J  

19.01 1.4E--14 3. 93. 0 . 8 0 3  1.9E-14 I . l E - I 4  1.5E-I4 

1.2E-17 


F T M  758 525 275 13171 -79 25 ~- -_ _
306 14b25 - '  s.uc- I5 - . 7 . 7 t - l >  4 .0t--13 3.4t-15 

F T Y  773 524 268 13b26 -86 27 19.04 l.oE-14 2. 89. 0.793 2.2E-14 1 . X - 1 4  I. 7E-I4 -
295 13.82 16 5.4t-1 b 7 .s~ -15  4 .>�-I5 5 .UC--13  

-



REFE m N C E  S 

1. Horowitz, R., "S-6, an Aeronomy Satellite,'' Aduan. Astronautical Sci. 12:1963. 

2. Spencer, N., "The Explorer XVII Satellite," Planet. Space Sci. 13:593, 1965. 

3. 	 Newton, G. P., Pelz, D. T., Miller, G. E,, and Horowitz, R., "Response of Modified Redhead 
Magnetron and Bayard-Alpert Vacuum Gauges aboard Explorer 17," Transactions of the Tenth 
National Vacuum Symposium, edited by George H. Bancroft, pp. 208-212, The Macmillan 
Company, New York, 1963. 

4. 	 Newton, G. P., Horowitz, R., and Priester,  W., "Atmospheric Densities from Explorer 17 Den
sity Gauges and a Comparison with Satellite Drag Data," J. Geophys. Res. 69:4690-4692, 1964. 

5. 	 Newton, G. P., Horowitz, R., and Priester,  W., "Atmospheric Density and Temperature Varia
tions from the Explorer XVIISatellite and a Further Comparison with Satellite Drag," Planet. 
Space Sci. 13599-616, 1965. 

6. 	 Newton, G. P., ?'Evidence for a Latitudinal Variation of the Neutral Atmospheric Density," 
Trans. Am. Geophys. Union; Abstract C-A85, p. 75, 1967. 

7. 	 Pelz, D., and Newton, G., "Pressure Conversion Constants for Magnetron Ionization Gauges,ll 
J. Vac. Sci. and Tech. 4:239, 1967. 

8. 	 Schultz, F. V., Spencer, N. W., and Reifman, A., Upper air research program, progress report  
2, Contract W-33-038; AC-14050 Eng. Res. Inst. Univ. Mich. p. 129, July 1948. 

9. 	 Havens, R. J., Koll, R. G., and La Gaw, H. E., "The Pressure,  Density, and Temperature of the 
Earth's Atmosphere to 160 kilometers," J. Geophys. Res. 57: p. 59, 1952. 

10. 	 Horowitz, R., and Kleitman, D., "Upper Atmosphere Research Report XVIII," U. S. Naval 
Research Lab. Report 4246, Oct. 1953. 

11. 	 Ishii, H., and Nakayama, K., "A Serious Er ro r  Caused by Mercury Vapour Stream in Measure
ment with a McLeod Gauge in the Cold Trap System," Trans. 8th AVS Vas. Symp. p. 519, 
1962. 

12. 	Meinke, C. and Reich, G., "Influence of Diffusion on the Measurement of Low Pressure with 
the McLeod Vacuum Gauge, Vacuum 13:579, 1963. 

22 




13. 	 Newton, G. P.,Silverman, P., and Pelz, D., "Interactions between a Hypersonic Neutral Gas 
Beam and an Orified Pressure Gauge Mounted on a Spinning Satellite," Trans. Sixth Rarefied 
Gas Dynamics Symp., Boston, Mass., 1968. 

14. 	 Moe, K. and Moe, M. M., "The Effect of Adsorption on Densities Measured by Orbiting Pres
sure  Gauges," Planet. Space Sci. 15:1329, 1967. 

15. 	Moe, M. M., and Moe, K., "The Roles of Kinetic Theory and Gas-Surface Interactions in Meas
urements of Upper-Atmospheric Density," Trans. Sixth Rarefied Gas Dynamics Symp.,Boston, 
Mass., 1968. 

16. 	 Von Zahn,U., "Mass Spectrometric Measurements of Atomic Oxygen in the Upper Atmosphere: 
A Critical Review," J. Geophys. Res.  72:5933-5937, 1967. 

17. 	 Reber, C. A., and Nicolet, M., "Investigation of the Major Constituents of the April-May 1963 
Heterosphere by the Explorer XVII Satellite," Planet. Space Sci. 13:617-646, 1965. 

23 






Appendix A 

Development of Equations Used to  Interpret the Ion Current 
in Terms of  Atmospheric Density 

The purpose of this appendix is to develop the equations used to interpret the ion current meas
ured at the gauge cathodes in te rms  of the atmospheric density. This development will  be done for 
nonlinear gauges, considering both the case of zero recombination and that of total recombination 
of reactive gas species inside the gauge volume. By appropriate apprmimations the nonlinear re 
sul ts  will be reduced to the results for a linear gauge. The composition sensitivity of the measure
ment: will also be discussed. 

The Gauge Equation 

Assume the gauge has a pressure response given by 

I i  = cj  ( P ) P i  , 

where 

I , = the gauge cathode current measured when a gas of species j is the only gas present 
in the gauge 

P, = the partial pressure of gas species j inside the gauge, and 

C j  (P) = the pressure conversion constant of gas species j ,which for a cold-cathode gauge 
is a function of pressure, and for a Bayard-Alpert gauge is a constant (the "sensi
tivity" of the gauge). 

The pressure conversion constant c for a given species of gas is experimentally determined, 
using Equation A1 by calibrating the gauge with that species only present in the gauge. If a particu
lar species cannot be isolated so  that its conversion coefficient may be determined in this way, then 
the ratio of the conversion constant for that gas species to the known conversion constant of another 
gas species is assumed to be equal to the ratio of the ionization cross-sections of the two species. 

If a mixture of gases is in the gauge it is assumed that the total cathode current is the sum of 
the currents which would be generated by each gas individually, 

I, = cI j  = C C j ( P ) P j  , 
i 1 
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where 

I, = the total measured cathode current. 

Relationship Between Atmosphem'c Density and 
Gauge Cathode Current (Zero Recombination) 

The gauge is moving relative to the atmosphere and is exposed to the atmosphere through an 
orifice. It is assumed that: 

(1) 	The mean free paths of the particles are so large that the entering and exiting particles at 
the orifice do not interfere with one another. 

(2) 	 The distribution functions describing the velocities of the entering and exiting particles 
are Maxwellian, with the former being the distribution corresponding to the atmospheric 
temperature and the latter being the distribution corresponding to the gauge wall  temperature. 

Because the vacuum time constants of the gauges are small compared to the satellite spin period, 
it is also assumed that: 

(3) 	 There is equilibrium between the mass  flux of particles entering and leaving the gauge 
volume. 

With these assumptions, the pressure of gas species j inside the gauge is given by (see Schultz 
et al., 1948; Horowitz and Kleitman, 1953): 

Pj = n j  Kf?F(Sj) = n T X j  k m F ( S j )  , 

where 

n j  = atmospheric number density of species j , 

T = atmospheric temperature, OK, 

T'  = gauge wall temperature, OK, 

k = Boltzmann's constant, 

nT = atmospheric total number density, 

n .
x j  = $ = fractional abundance of gas  species j ,

f 

Vl 

'j 

U j  = most probable speed of atmospheric particles of gas j , 
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V, = satellite velocity component normal to the gauge orifice plane, 

Combining Equations A2 and A3 we have 

I, = c C j ( P )  n , X j k m F ( S j )  . 
j 

Also, the atmospheric density can be written 

where 

m .  = mass of one molecule (or one atom, i f  dissociated) of species j . 

Thus Equations A4 and A5 relate the measured cathode current to the atmospheric density. 

Relationship Between Atmospheric Density and 
Gauge Cathode Cuvrent (Total Recombination) 

Making the same three assumptions as in the previous section, and assuming that total recom
bination of species j occurs inside the gauge volume, we have when we equate the mass flux entering 
and leaving the gauge volume: 

where 

H = the orifice area,  

the subscript 2 j  means that the mass in the U 2 j  term is the molecular mass  after recombina
tion of the dissociated atoms of species j , 

= number density inside the gauge of the recombined molecular form of species j .  
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The factor of two occurs because the particles leaving the gauge are twice as heavy as the entering 
particles. 

whence 

1 1 
= - n j  k m F ( S j )  = Z n T x jk m F ( S j )  ,ITZ 

which differs from p j  (Equation A3) by the factor l/fi. 

When Equation A6 is used in Equation A2 to find the total current, the conversion constant for 
the molecular species, C, ,must be used. Thus we have 

+ F C i ( P ) n T x i k  f? F(S i )-

where is over the reactive gas species, which totally recombine inside the gauge, and is 

I 

over t h i  nonreactive gas species. 

Equation A7 may be put in the same form as Equation A4 if the following convention is adopted: 
if total recombination of a particular gas species is to be assumed, the c j  ( P )  term for that gas 
species must be replaced in the sum by C z j  (.),/a. 

Relationship Between Atmospheric Density and 

Spin-Modulated Cathode Current (Linear Gauge) 

The customary technique for measuring the atmospheric density with gauges is to take the dif
ference between the gauge output currents when the orifice normal makes the smallest angle with 
the velocity vector (maximum r a m  velocity) and when the orifice normal makes the largest angle 
with the velocity vector (minimum ram velocity). Using Equation A4 under these conditions, and 
assuming the atmospheric structure parameters do not change over the time and distance increments 
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required for the vehicle to rotate 1/2 of a spin cycle, we have 

01, = Ix - I, 

= nT xik I"[cj(px )F(Sjx)  - c j ('N) F ( S J N ) ]  

1 

where the subscripts x and N indicate quantities evaluated at the maximum and minimum ram ve
locity conditions, respectively. (One advantage of this procedure is that if  a current caused by 
residual pressure from wall outgassing is present in addition to the other gas currents, and i f  the 
residual pressure is constant throughout the spin cycle, this current will not effect the 01, value.) 

Equation A8 may be written as 

where u,, and uo, are the most probable speed of a particle of mass  ?iiinside the gauge and outside 
it in the atmosphere respectively. 

For a linear gauge mounted on the spin equator, Equation A9 reduces to 

since cj  is independent of pressure. 

The computer program which calculated the densities for the Explorer 17 data converted the 
measured currents to pressures using the gauge sensitivity for molecular nitrogen and a mean 
molecular mass of 16 for the atmosphere. Also, the calculated densities were normalized by mul
tiplying by 1.83 to the averaged effect between no and total recombination of oxygen inside the gauge. 
Thus we have for the calculated densities 



Thus if  we calculate the ratio 

we can use Equation A12 to adjust the calculated density to any composition (and by our convention 
we may also calculate the effect of total recombination). 

For a nonlinear gauge mounted on the satellite spin equator an iterative procedure is required 
to solve Equation A9 exactly, since in this case cj  ( p X) also contains the density p. This iterative 
procedure may be avoided by making several approximations, as discussed below. 

Relationship Between Atmospheric Density and 
Spin-Modulated Cathode Current (Nonlinear Gauge) 

We have developed Equation A9 as the general expression relating the atmospheric density and 
the AI, observed during the satellite spin. If we interpret the observed maximum and minimum 
cathode currents as being due to nitrogen gas only, Equation A9 may be rewritten as follows: 

where P, and P, are ,  respectively, the maximum and minimum equivalent nitrogen pressures dur
ing the spin cycle. Several approximations will now be made. 

(a) A s  is usually the case for satellites, sjx>> 1and S j n  << -1; therefore 

F ( S j X )  = 2 f i s j x  

and F (s ) is negligible compared to F(S j  ). 
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Approximation (b) is not very critical, since C j  (P, )/CN (P,) is the coefficient of the F ( S j N) 
term which by approximation (a)is usually extremely small when compared to F ( s~ , ) .  Approxi
mation (c) is not very critical, since for large maximum-to-minimum pressure ratios where 
c, (P, ,/., (P, ) 2 2 the minimum pressure P, is small compared to the maximum pressure P, 
and there is little difference between subtracting P, and subtracting 1/2 P, from P, in Equation A13. 
Furthermore, if the maximum-to-minimum pressure ratio is small, the ratio c, (P, ),kN(P, ) is 
nearly unity because c, ( P, ) is a slowly varying function of the pressure. The e r ro r  introduced 

2
by approximation (d) can be seen from Figure Al .  In Figure lA, the lines represent the Bayard-
Alpert gauges values used in analysis of all of the data reported and the points represent the cor
rect  values for the equatorial NRC gauge. It is seen that the values used for the sensitivity ratios 
for the NRC gauge a re  too large by a percentage dependent on gas composition and pressure. This 
causes the previously reported density values to be too low by approximately 0 percent at perigee 
and approximately 12 percent a t  altitudes between 300 km and 550 km. 

Making these approximations, Equation A13 may now be written as 

If we calculate the ratio p/pN z ,  using Equations A14 and A l l ,  and remember that &" = P, - P,,
2 

we obtain Equation A12. 

Equation A12 was used to calculate a "composition adjustment factor,"K. These K values were 
applied to the calculated values of p, ,using the relative composition obtained by diurnally

2 16

averaging the Explorer 17 mass spectrometer results. The variation of K with the various assumed 
atmospheric compositions is illustrated in Figures A2 through A7, and illustrates the generally 
small  sensitivity of the densities to composition uncertainties for gauge pressures greater than 
10-9 Torr. 
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Figure A1-C versus pressure for various gases. The 

lines represent the Bayard-Alpert gauge values. The 

points represent the Redhead gauge values. Values 

for atomic oxygen, molecular hydrogen and atomic-

hydrogen are calculated as explained i n  the text. 
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Figure A2-Composition adjustment factor versus atmos
pheric mean mass for the indicated binary atmospheric 
gas mixtures. The two cases o f  no and total recombina
t ion o f  atomic oxygen i n  the gauges are presented. 
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Figure A3-Composition adjustment factor versus 
atmospheric mean mass for a binary atmospheric 
mixture of helium and atomic hydrogen. The two 
cases of  no and total recombination of  atomic 
hydrogen i n  the gauges are presented. 
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Figure A4-Composition adjustment factor versus percent 
atmospheric helium for a tertiary atmosphere of atomic 
oxygen, atomic hydrogen and helium. Because of the 
small effect of  atomic hydrogen recombination, the two 
cases of  no and total recombination of atomic hydrogen 
are not shown. 
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Figure A5-Composition adjustment factor versus percent 

atmospheric helium for a tertiary atmosphere of  atomic 

oxygen, atomic hydrogen and helium. Because of the 

small effect of atomic hydrogen recombination, the two 

cases of no and total recombination of atomic hydrogen 

are not shown. 
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Figure Ab-Composition adjustment factor versus percent 

atmospheric helium for a tertiary atmosphere of atomic 

oxygen, atomic hydrogen and helium. Because of  the 

small effect o f  atomic hydrogen recombination, the two 

cases of  no and total recombination of atomic hydrogen 

are not shown. 
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Figure A7-Composition adjustment factor versus percent 

atmospheric helium for a tertiary atmosphere of atomic 

oxygen, atomic hydrogen and helium. Because of the 

small effect o f  atomic hydrogen recombination, the two 

cases of no and total recombination of  atomic hydrogen 

are not shown. 
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